Facile fabrication of high-performance InGaZnO thin film transistor using hydrogen ion irradiation at room temperature Device performance of InGaZnO (IGZO) thin film transistors (TFTs) are investigated as a function of hydrogen ion irradiation dose at room temperature. Field effect mobility is enhanced, and subthreshold gate swing is improved with the increase of hydrogen ion irradiation dose, and there is no thermal annealing. The electrical device performance is correlated with the electronic structure of IGZO films, such as chemical bonding states, features of the conduction band, and band edge states below the conduction band. The decrease of oxygen deficient bonding and the changes in electronic structure of the conduction band leads to the improvement of device performance in IGZO TFT with an increase of the hydrogen ion irradiation dose. Flexible active-matrix organic light-emitting diode (AMOLED) displays on plastic substrates have been attracting great attention, because they can be thinner, lighter, bendable, and unbreakable, compared to traditional glass substrate displays. 1, 2 To realize flexible AMOLED back panels, two key issues must be considered: One is the electrical performance of the thin film transistors (TFTs) on plastic substrate, and the other is the flexibility of the substrate that is compatible with the existing TFT fabrication process. Recently, many research groups have been reported that InGaZnO (IGZO) TFTs on polyimide plastic substrate have already obtained similar TFT performance such as electron mobility and I on /I off ratio, excellent uniformity, and good transparency compared to rigid substrates. 3, 4 Most of the amorphous-IGZO based TFTs are still fabricated at relatively high process temperatures, typically above 300 C, to obtain the high quality gate insulator deposited chemical vapor deposition and the energy for activation for IGZO channel. This requires a thermally stable plastic substrate, e.g., polyimide, 1, 5 which is expensive and has low optical transparency. Alternatives to polyimide are low cost and transparent polyester films such as polyethylene terephthalate (PET) and polyethylene naphthalate (PEN). 1 However, the low glass transition temperature of these alternatives becomes the biggest drawbacks as a substrate for oxide TFTs.
Ion irradiation using a light element such as hydrogen is a suitable for manipulating the physical and electrical properties while causing minimal damage to the material and low process temperature for activation. The introduction of structural disorder, defects, and columnar amorphization depends upon the extent of the electronic energy loss mechanism. 6, 7 Ion irradiation can also induce a crystalline-to-crystalline phase transition instead of causing amorphization or structural damage. 8 Our previous study on hydrogen-ion irradiation of ZnO and TiO x films showed the modification of electrical properties including the Hall mobility, and those were related to a change in the electronic structure, not the physical structure. 9, 10 In this study, we investigated the performance of IGZO TFTs after irradiation of the IGZO channel region with hydrogen ion and without thermal annealing. The changes in the electrical device properties are explained through a systematic analysis and correlation of the electronic structure in the conduction band and the chemical bonding states after different hydrogen ion irradiation doses. 50 nm thick IGZO thin films were RF sputtered on thermally grown SiO 2 (100 nm)/heavy doped p-type Si wafers. Using the IGZO target (1:1:1 wt. %), the process pressure, RF power, and relative oxygen flow rate
were 3 mTorr, 75 W, and 0.02, respectively. The active area was defined with a shadow mask during IGZO film deposition. After that, the indium-tinoxide (ITO) source/drain (S/ D) electrode was deposited and patterned again using shadow masks. The fabricated TFTs had a bottom gate structure, and a channel width (W) and length (L) of 1000 lm and 150 lm, respectively. Finally, hydrogen ions were irradiated onto the IGZO TFTs at room temperature with 110 keV by a 2-MeV tandem accelerator. The doses of hydrogen ion irradiation were in the range 10 14 From the calculation based on the simulation results by stopping and range of ions in matter (SRIM) code, we determined that the acceleration energy of 110 keV was adequate for hydrogen ions to completely pass through the entire IGZO film (50 nm). Consequently, hydrogen ions result to the local heating without the incorporation into the IGZO films, and the damage from accelerated ions is minimized due to the light mass of hydrogen.
Changes in the physical structure were analyzed by using x-ray diffractometry (XRD), and the chemical bonding states were examined using x-ray photoelectron spectroscopy (XPS) with a monochromatic Al Ka source with a pass energy of 20 eV. X-ray absorption spectroscopy (XAS) and spectroscopic ellipsometry (SE) were performed in order to a)
Author to whom correspondence should be addressed. analyze the electronic structure, and the features of the conduction band. X-ray absorption spectra were measured with the coherent x-ray beam source at the Pohang Accelerator Laboratory (PAL) on beamline 10D. SE data were obtained with incident angles of 65 , 70 , and 75 at photon energies of 0.75-6.4 eV using a rotating analyzer system with an auto retarder.
Figure 1(a) shows the representative transfer characteristics of IGZO TFTs depending on hydrogen ion irradiation dose. The field effect mobility (l SAT ) and threshold voltage (V th ) in the saturation region (V DS ¼ 10 V) were calculated by fitting a straight line to the plot of the square root of I DS versus V GS , according to the expression for a field-effect transistor,
where W (1000 lm), L (150 lm), and C i are the channel width, length, and the capacitance per unit area of the gate oxide, respectively. The subthreshold gate swing (SS) was extracted from the linear part of the log(I DS ) vs. V GS plot.
The extracted device parameters are summarized in Table  I . As the hydrogen ion irradiation dose increased from asdeposition to 10 16 atoms/cm 2 , the l SAT values in the IGZO TFTs were significantly increased from 0.12 to 3.90 cm 2 /Vs. The SS values in IGZO TFTs were drastically decreased from 1.86 V/decade to 0.36 V/decade, respectively. Many research groups reported that interface defect density between gate insulator and IGZO, which has an amorphous structure. [12] [13] [14] One group suggested an experimental method for obtaining D it by metal-insulator-IGZO MIS capacitors. The other groups calculated the D it by SS value obtained TFT. The SS value of a given TFT device is related to the total trap density, including the bulk (N SS ) and semiconductor-insulator interfacial traps (D it ), according to the equation, 15 
SS
where q is the electron charge, k B is Boltzmann's constant, T is the absolute temperature, and t ch is the channel layer thickness. N SS and D it in the TFTs were calculated by setting one of the parameters to zero. It is noted that the values of N SS and D it calculated in this way correspond to the maximum densities. 16 As shown in Figure 1(b , respectively. To verify whether phase transformation occurs during hydrogen ion irradiation, we analyzed high-resolution x-ray diffraction patterns of IGZO thin films as a function of hydrogen ion irradiation dose (Figure 2 ). All the samples exhibited the amorphous structure without crystallized secondary phases, such as ZnO, In 2 O 3 and Ga 2 O 3 . This implies that IGZO films have an amorphous phase structure even after hydrogen ion irradiation of 10 16 ions/cm 2 . XPS was used to investigate the changes in the chemical bonding states of the IGZO films as a function of hydrogen ion irradiation dose. Figure 3 shows the O 1s XPS spectra for films subjected to as-deposited and hydrogen ion irradiated IGZO films, increased from 10 14 to 10 16 ions/cm 2 . The obtained O 1s peaks were deconvoluted using a Gaussian profile, consisted of a centered peak at 530.8 6 0.01 eV (O3), 531.6 6 0.02 eV (O2), and 532.7 6 0.04 eV (O1). The peak (O3) at 530.8 eV indicates that IGZO had no oxygen deficiencies and metal-oxygen matrix, whereas the peak (O2) at 531.6 eV is attributed to oxygen-deficient regions. 17, 18 The peak (O1) at 532.7 eV was originated by adsorbed OH, -CO x , and H 2 O surface contaminants. The peak area of the oxygen deficient bonding (O2), related to oxygen vacancy, relative to the area of the O 1s peak decreased from 22% (asdeposited) to 14% (10 16 ions/cm 2 ), which implies that the increasing hydrogen ion irradiation dose is more effective at reducing oxygen deficiencies. In addition, the defect states (O1) in higher binding energy region show that surface contamination decreased with the increase of hydrogen ion irradiation dose.
In order to look for enhancement of device performance in terms of electronic structures as a result of increased hydrogen ion irradiation dose, systematic spectroscopic analyses were performed. Figure 4 shows the normalized O K 1 edge XAS spectra of the IGZO film treated by different hydrogen ion irradiation doses. To investigate the detailed composition of the conduction band, the experimentally measured O K 1 edge XAS spectra of binary In 2 O 3 , ZnO and Ga 2 O 3 were co-plotted and compared to the hydrogen irradiated IGZO films. Normalizations of the XAS spectra were carefully performed by subtracting the x-ray beam background and subsequently scaling pre-and post-edge levels, which can be used to compare the qualitative changes of the conduction band. 19 O K 1 edge XAS spectra of IGZO films are directly related to the O p-projected states of the conduction band, which consists of unoccupied hybridized orbitals for In 5sp, Ga 4sp, Zn 4sp, and O 2p from 530 eV to 550 eV. Cho et al. 20 reported that the In 5s band should be an electron source in the a-IGZO system by XAS analysis, in accordance with molecular dynamics calculation by Nomura et al. 21 After the IGZO films were irradiated with hydrogen ion (as-deposition to 10 15 ions/cm 2 ), the features of the conduction band were similar and were maintained with the peak of each binary oxide for In 2 O 3 , Ga 2 O 3 , and ZnO. On the other hand, IGZO film with hydrogen ion irradiation dose of 10 16 ions/cm 2 has a larger of conduction band area and slightly dominant feature of orbital hybridization of Ga 4sp þ O 2p. These are related to the enhanced possibility of charge transport by the increase of empty states in the conduction band because more empty states in the conduction band could induce the easier movement of electron. 22 The electronic structure of the IGZO films, including the subgap states below the conduction band, was determined through SE analysis as a function of hydrogen ion irradiation dose. The imaginary dielectric function (e 2 ) spectra for the as-deposited IGZO films are shown in Figure 5 (a). These spectra were extracted from a simple four-phase model, which is comprised of a Si substrate, SiO 2 overlayer, IGZO overlayer, and an ambient layer as shown in the inset of Figure 5(a) . 23 A detailed and quantitative analysis of the band edge states and unoccupied states in the conduction band was performed by fitting using a Gaussian model (band edge states) and a Tauc-Lorentz model (conduction band states). The Gaussian model fits are comprised of two distinct band edge states with a shallow band edge state (D1) and deep band edge state (D2), which are located at 3.64 eV and 3.38 eV, respectively. Figure 5 (b) represents an enlargement of the band edge states below the conduction band edge.
As hydrogen ion irradiation dose was increased, the relative ratio of D1 is slightly decreased, while that of D2 was drastically decreased as shown in Figures 6(a) and 6(b) . Chung and co-workers 22 reported that two distinct band edge states below the conduction band, observed by spectroscopic ellipsometry measurement, undergo a thermal evolution as a function of annealing ambient atmosphere and these changes are correlated to changes in the electrical properties in the ZnO system. Based on the SE analysis, the most plausible origin of the changes in electrical device performance is strongly correlated to the evolution of the band edge states as a function of hydrogen ion irradiation dose, which is related to oxygen vacancies. The decrease of band edge states (D1 and D2) corresponds to the reduction of oxygen deficient bonding in XPS results of Figure 3 . The remarkable finding is the dramatic decrease of deep band edge state (D2) as the hydrogen ion irradiation increased. That is related to the degradation of mobility because of charge trapping and increase in charge scattering during carrier transport due to energy levels far from the conduction band, even if there is the slight decrease of shallow band edge state (D1) related to the carrier concentration. From the above interpretations, the changes in the band edge states and reduction of oxygen vacancies, contribute to the enhancement of device performance by hydrogen ion irradiation without a high temperature annealing process.
Device performance of IGZO TFTs are improved using hydrogen ion irradiation without thermal annealing. As the hydrogen ion irradiation dose is increased, electrical device properties are enhanced with the field effect mobility of 3.9 cm 2 /Vs and subtheshold gate swing of 0.36 V/decade. The electrical device performance is correlated to the electronic structure of IGZO films, such as the chemical bonding states, feature of conduction band, and band edge states below the conduction band. Even though the irradiation did not physically alter the structure with the increasing irradiation dose, it induced oxidation by decreasing the number of oxygen-deficient states. The molecular orbitals in the conduction band are hybridized, and the deep band edge state below the conduction band is reduced with the increase of hydrogen ion irradiation dose. These results suggest that hydrogen-ion irradiation may be a promising method for manipulating oxide thin film transistor at low temperature and without additional annealing, which is acceptable to a flexible or wearable device.
